Abstract: Chlorophylls are the most abundant classes of natural pigments and their biosynthesis is therefore a major metabolic activity in the ecosphere. Two pathways exist for chlorophyll biosynthesis, one taking place in darkness and the other requiring continuous light as a precondition. The key process for Chl synthesis is the reduction of protochlorophyllide (Pchlide). This enzymatic reaction is catalysed by two different enzymes -DPOR (dark-operative Pchlide oxidoreductase) or the structurally distinct LPOR (light-dependent Pchlide oxidoreductase). DPOR which consists of three subunits encoded by three plastid genes in eukaryotes was subject of our study. A short overview of our present knowledge of chlorophyll biosynthesis in Chlamydomonas reinhardtii in comparison with other plants is presented.
Introduction
The chlorophyll biosynthesis pathway consists of more than 15 enzymatic reactions and the stereo-specific reduction of the double bond of the D-ring in protochlorophyllide (Pchlide) produces chlorophyllide (Chlide), which is then immediately converted into chlorophyll a.
In the course of evolution two genetically and biochemically different strategies of Pchlide reduction have developed. In the first Pchlide is reduced with nuclear-encoded, plastid-localized oxidoreductase, which requires NADPH and light for its activity (lightdependent protochlorophyllide oxidoreductase, LPOR). However, in many phototrophic organisms there is another way for Chl synthesis when the Pchlide is reduced by a plastid-encoded enzyme complex that is independent of light (dark-active POR, DPOR). These two systems can co-exist and play their roles in different ontogenetic stages of plant and in dependence on environmental factors.
Light-dependent protochlorophyllide oxidoreductase
Angiosperms require light for Chl biosynthesis so the greening is light-dependent. Seedlings grown in the dark are etiolated due to incapability to synthesize Chl. Light-dependent greening of angiosperms is possible because the enzyme LPOR that catalyses trans-reduction of the D-ring of Pchlide. Dark grown seedlings accumulate variable amounts of Pchlide that binds to LPOR by forming prolamellar bodies in etioplasts. This kind of reduction does not take place in anoxygenic photosynthetic bacteria which probably contain the oldest photosystems, but it occurs in cyanobacteria, algae and higher plants including angiosperms. Most photosynthetic organisms are able to synthesize Chl in the light as well as in the dark (Fujita & Bauer 2003) .
LPOR consists of one polypeptide (35kDa) that shows no similarity to any subunits of DPOR. In eukaryotic phototrophs that contain both enzymes, LPOR is nuclear-encoded; its precursor is synthesized in the cytosol and is then transported into plastid (Armstrong 1998; Fujita & Bauer 2003) . In some gymnosperm species that are able to synthesize Chl in the dark a multiple gene family encoding LPOR has been found (Spano et al. 1992 ) but in Chlamydomonas reinhardtii (Li & Timko 1996) and Synechocystis sp.PCC 6803 (He et al. 1998) LPOR is encoded by a single gene.
In the dark, LPOR exists in triple complexes with protohlorophyllide and NADPH. In this case protochlorophyllide is present in various forms that differ in absorption and fluorescent emission spectra (Ryberg & Sundquist 1991) .
It is supposed that there are two major photochemical reactions of protochlorophyllide reduction in etiolated plants. One of them is specific for etiolated plants 948 E. Gálová et al.
and is related to the presence of a prolamellar body, the other one is found both in etiolated plants and in lightadapted plants in the (pro)thylakoid fraction (Franck et al. 1993; Durchan & Lebedev 1995; Lebedev et al. 1995; Böddi et al. 1996) . In etiolated seedlings two forms of LPOR, POR-A and POR-B are expressed. After illumination expression of POR-A is inhibited via the phytochrome signalling pathway. While light causes a decrease of POR-A by proteolytic degradation, POR-B remains and fundamentally contributes to Chl synthesis after the initiation of greening. In Arabidopsis thaliana the third izoenzyme POR-C has been identified that is positively regulated by light and is also present in photosynthetic tissues. Both POR-C and POR-B presumably act as a Chl provider in mature photosynthetic tissues (Oosawa et al. 2000) .
The high level of POR-A accumulation in etiolated seedlings indicates that POR-A can play a primary role in photoprotection that could be necessary during the intermediate phase from the initiation of Chl biosynthesis to the construction of active photosystems (Reinbothe et al. 1996) . This idea is supported by the fact that POR-A is imported into plastids in a protochlorophyllide dependent way (Reinbothe et al. 1995 (Reinbothe et al. , 1996 .
The existence of alternative mechanism relates to the absence of POR-A in light-grown plants. Photoactive Pchlide F655, the major form in etiolated tissues, has not been found in green plants or in the green alga Chlamydomonas reinhardtii. The Arabidopsis thaliana DET340 mutant, which has no POR-A, no Pchlide F655, no prolamellar bodies in the dark but synthesizes POR-B both in the dark and in the light, is important proof of this phenomenon .
Dark-active protochlorophyllide oxidoreductase
The discovery of DPOR encoding genes and the purification of its proteins have proved that this enzyme is fundamentally different from LPOR (Fujita & Bauer 2000) . DPOR consists of three plastid-encoded subunits and enables the biosynthesis of bacteriochlorophyll (bchl) in the dark in anoxygenic photosynthetic bacteria or Chl in cyanobacteria, algae and many higher plants (except angiosperms; Armstrong 1998). LPOR was also found in many organisms and is only absent in anoxygenic photosynthetic bacteria. The latter probably contain the oldest photosystems, thus DPOR is considered to be the older of the two Pchlide oxidoreductases (Nomata et al. 2005) .
The genes chlL, chlN, chlB (in photosynthetic bacteria bchL, bchN, bchB) encode the three subunits of the enzyme DPOR in genomes of organisms from photosynthetic bacteria to gymnosperms. All studied prokaryotic photosynthetic bacteria and cyanobacteria have chlL, chlN, chlB (bchL, bchN, bchB) genes on their chromosomes. Within eukaryotic phototrophs all chlLNB (chlL, chlN, chlB) genes are chloroplast encoded (cpDNA). However, no homologues of these genes have been found in cpDNA or in the nuclear genome of any angiosperm (Fujita & Bauer 2003) , which suggests that this lineage entirely lost the chlLNB genes during the evolution from gymnosperms. This loss may have occurred earlier in evolution i.e. at the time of the primary endosymbiotic event that gave rise to the green algae (Douglas 1994) .
Although the nucleotide sequences of chlLNB (bchLNB -bchL, bchN, bchB) genes are highly conserved, they vary in individual phototrophic organisms. These variations include arrangement of genes, RNA-editing, presence of introns, gene duplications and transformation to pseudogenes.
Metabolic universal purple non-sulfur bacteria that produce Bchl a photosynthesize under anaerobic conditions, whereas all synthesized Bchl comes from the light-independent reduction of Pchlide. A 46 kb chromosome area of Rhodobacter capsulatus contains at least 43 genes related to photosynthetic functions. This area encodes all genetic information required for the production of Bchl a from protoporphyrin IX (Fujita & Bauer 2000) .
As oxygenic photosynthesis in cyanobacteria involves the use of Chl a, the DPOR encoding genes are called chlL, chlN and chlB. They were first identified in Plectonema boryanum, where chlL gene was cloned as a homologue to frxC gene from Marchantia polymorpha (Fujita et al. 1991 .
There are two distinct lineages in algae: a red lineage with several groups and a green lineage that includes green algae and land plants. Comparison of cpDNA in various lineages allows the reconstruction of the evolutionary history of plastids (Xiong et al. 2000) . The green alga Chlamydomonas reinhardtii is often used as a model organism to investigate chloroplast gene functions. Especially mutants derived from this alga are used for this study. For example, mutants showing yellow-in-the-dark phenotypes have been isolated which were unable to synthesize Chl in the dark and, as a consequence accumulated Pchlide in their plastids (Suzuki & Bauer 1992; Cahoon & Timko 2000) , while still being able to carry out light-dependent protochlorophillide reduction. However, in the light they produce Chl in amounts equal to the wild type. Using other mutants the genes that are essential for lightindependent Pchlide reduction in cpDNA of Chlamydomonas reinhardtii have been identified (Roitgrund & Mets 1990; Fujita & Bauer 2003) . With the exception of the plastid DPOR genes chlL, chlN and chlB, 6 nuclear loci were mapped (y1, y5, y6, y7, y8, y10) in Chlamydomonas reinhardtii, that influence the activity of DPOR. Their precise roles have not yet been determined. It is quite possible that they regulate the expression of DPOR genes or the biosynthesis of cofactors (if present) rather than coding structural components of the enzyme DPOR (Fujita 1996; Cahoon & Timko 2000) .
The complete nucleotide sequences of the red algae Porphyra purpurea and Cyanidium caldarium, the cryptophyte Guillardia theta and the heterokontophyte Odonthella sinensis have been determined. It is interesting that chlLNB is conserved in the chloro- plast genome of the red alga P. purpurea, where chlL and chlN are included in an operon in the small single copy region (SSC), and chlB is present in the large single copy region (LSC). The absence of chlLNB in the cpDNA was confirmed for three other algae including the flagellate Euglena gracilis (Euglenophyta). The absence of these genes suggests that these algae have lost them before the second endosymbiotic event (Hallick et al. 1993) .
The determination of the complete nucleotide sequence of the chloroplast genome of Marchantia polymorpha has revealed the presence of the chlL gene, originally called frxC (Ohyama et al. 1986 ). It was supposed that frxC encodes a protein with structural homology to NifH, the Fe-protein subunit of the eubacterial enzyme nitrogenase (Fujita et al. 1989) . The presence of a nitrogenase-like enzyme in chloroplasts has led to increased interest in the distribution of nitrogenase distribution amongst organisms because it was considered to be an exclusive attribute of prokaryotes. The chlN and chlB genes have been found in the SSC and LSC regions, repectively, of Marchantia polymorpha genome. In all bryophytes that have been studied chlL, chlN, chlB are present (Suzuki & Bauer 1992; Yamada et al. 1992; Burke et al. 1993; Boivin et al. 1996) .
With the exception of Psilotum nudum, the presence of chlLNB genes was proved in all studied psilophyta. In Nephrolepis exaltata there are two in-frame stop codons in the coding region of chlB, suggesting that chlB in N. exaltata is in an early phase of transformation to a pseudogene, ultimately leading to its entire loss (Boivin et al. 1996) . Another interesting observation concerns the RNA editing of ACG to the initiation codon AUG in chlL of some psilophyta (Yamada et al. 1992) .
The complete nucleotide sequence of Pinus thunbergii cpDNA contains, as in other chloroplast genomes, the chlL and chlN genes in the SSC region, creating an operon; the chlB gene is located separately in LSC region (Wakasugi et al. 1994) .
A significant attribute of the chlB gene in some species of conifers is the presence of two RNA-edited sites where the base C is changed to U (Fujita & Bauer 2003) . In Pinus sylvestris chlB transcripts, the CCG codon for proline is changed to the CUG codon for leucine. In the case of P. abies the UCA coding for serine is changed to UUA for leucine at the same position. Twenty nucleotides downstream, a C -U substitution occurs in Picea abies, Pinus sylvestris and Larix eurolepis, where the CGG codon for arginine is changed to CUG for tryptophane. In other species the amino acids leucine and tryptophane are encoded directly by cpDNA which may be indicative of the importance of saving them for the proper function of ChlB subunit. In addition, in P. sylvestris some chlB transcripts are not edited in both sites whereas the ratio of entirely and partially edited transcripts is organ specific (Karpinska et al. 1997; Armstrong 1998) . It is interesting that some species of gymnosperms have limited ability of Chl synthesis in the dark, which correlates with the changes in the edited sites of the chlB gene. In Larix eurolepis only one site is edited, i.e. C to U in the CGG codon. ChlB transcripts in Larix decidua are edited in two sites as well as in P. sylvestris and in P. abies, although with limited efficiency (Demko 2005) .
The presence of the genes chlL and chlB in Ginkgo biloba cpDNA has been confirmed (Burke et al. 1993; Richard et al. 1994 ). The existence of these genes in cpDNA is also noted in Ephedra altissima and E. americana (Boivin et al. 1996) . Welwitschiales appear to have lost DPOR encoding genes while in Gnetales they are presumably in the process of being transformed into pseudogenes. This interpretation would be in accordance with their inability to synthesize Chl in the dark 950 E. Gálová et al. (Jeske et al. 1981; Fujita & Bauer 2003) .
The cpDNA of angiosperms that have been studied thus far do not contain any chlLNB genes, which suggests the loss of these genes during the evolution from gymnosperms to angiosperms without transfer of genetic information into nuclear genome (Armstrong 1998) . The conservation of DPOR encoding genes has been used for determining of phylogenetic relationships of photosynthetic organisms which resulted from a common evolutionary event -the origin of photosynthesis. However, a distinction should be made between the evolution of photosynthesis and the evolution of photosynthetic organisms (Xiong et al. 2000) .
Chlamydomonas reinhardtii
The green alga Chlamydomonas reinhardtii with one chloroplast is a model organism for the research of the plastid genome, the photosynthetic apparatus as well as the process of photosynthesis (Li et al. 1993; Suzuki et al. 1997; Maul et al. 2002; Rochaix 2002; Shrager et al. 2003) . The chloroplast DNA of this alga is unique because its chlLNB genes are not part of common operons (Fig. 1) . ChlLNB genes are also present in the red alga Porphyra purpurea but are absent in the chloroplast genomes of algae whose evolutionary history involves a secondary endosymbiosis event, i.e. Odonthella sinensis, Guillardia theta and Euglena gracilis. It is assumed that the loss of these genes occurred before the secondary endosymbiosis took place (Fujita & Bauer 2003) .
The substitution of the chlL gene in Chlamydomonas reinhardtii by nifH from the bacterium Klebsiella pneumoniae resulted in partial retention of Chl synthesis in the dark. NifH is able to replace the missing ChlL protein of DPOR, and thus a similar mechanism of their activity was confirmed (Cheng et al. 2005) . Based on sequence analysis of ChlL and NifH it appears that interaction of the ChlL and ChlNB complexes differs from those between NifH 2 and NifD 2 NifK 2 (Schlessmann et al. 1998).
Altogether, chloroplasts are essential for the unique photoautotrophic and sessile existence of higher plants. Chloroplasts account for >50% of the total soluble protein in leaves, and these proteins are encoded by both nuclear and chloroplast genomes. This separation of genetic information necessitates a coordinated regulation in the expression of these genomes (Surpin et al. 2002) .
